Abstract: Endoplasmic reticulum (ER) stress is one of the driving forces of ischemia/reperfusion (IR)-induced acute renal failure (ARF). STF-083010, an inhibitor of the endonuclease activity of inositol-requiring enzyme-1 (IRE1), has the potential to block the initiation of a prolonged unfolded protein response (UPR) that is stimulated by ER stress and alleviates the impairments due to ER stress. In the current study, it was hypothesized that STF-083010 was capable of ameliorating ER stress-related damages in IR-induced ARF. Rats were administrated with STF-083010 and were subjected to induction of ARF using a ligation method. Then the effect of STF-083010 administration on the renal structure and function, oxidative stress, and inflammation in model rats was assessed. Furthermore, the levels of expression of UPR members and downstream effectors regulating apoptosis were detected as well. The results showed that establishment of the ARF model induced ER stress and impaired the renal structure and function. Administration of STF-083010 ameliorated impairments in the structure and function of the kidneys and the effect was associated with the suppressed oxidative stress and inflammation. At the molecular level, STF-083010 inhibited the prolonged UPR by downregulating the expressions of GRP78, p-IRE1, XBP1s, CHOP, and caspase 3, partially explaining the decreased apoptotic rate. The current study evaluated the potential of STF-083010 in treating ER stress-induced symptoms in ARF for the first time, and the findings demonstrated that STF-083010 resulted in effective treatment outcomes of ARF.
Introduction
acute renal failure (aRF) is characterized by the rapid decline of renal function [29] and commonly occurs in hospitalized patients, particularly in those with multi-organ failures. Worse still, the occurrence of aRF per se will increase the death risk of patients by 10-to 15-fold [5] . Therefore, poor situations associated with aRF make it imperative to explore novel treatment modalities for the disorder.
ischemia-reperfusion (iR) injury is a major causal factor of aRF [20] and induces functional and structural deteriorations in endothelium and proximal tubule cells in the kidneys [3, 15, 18] , leading to loss of cell to cell attachments, generation of reactive oxygen species (ROS), cell apoptosis and necrosis, and inflammatory responses [3, 15, 18] . among the above events, apoptosis and inflammation have been conceived to play important roles in the pathophysiology of aRF [20] . growing evidence shows that pro-inflammatory cytokine release, inflammatory cell recruitment, and mitochondrial dysfunction-induced apoptosis are implicated in the progression of kidney disorders [8, 9, 19] . Several mechanisms have been proposed to underlie the apoptosis and inflammation associated with ARF. Endoplasmic reticulum (eR) stress is the one receiving much interest in recent years [9, 27] .
Disturbed homeostasis in the eR lumen will result in eR stress and initiate the unfolded protein response (uPR). The latter process is a mechanism promoting survival of cells impaired by eR stress. however, when the uPR adaption to eR stress fails, the prolonged uPR can cause tissue injuries and organ dysfunction [26] . in kidney disorders, accumulating evidence suggests a pathophysiological role of ER stress [9] : inflammation and oxidative stress compounded by eR stress contribute to glomerular and tubular damages in patients with acute kidney disease [9] . Based on these studies, the artificial modulation of eR stress has become a novel therapeutic strategy for protection of renal cells. For example, cells with gRP78 overexpression were resistant to symptoms associated with eR stress [16] . induced production of oRP150 also attenuated impairments associated with kidney injuries [2] . Moreover, chemical compounds modulating eR stress have also shown promising treatment efficiency for diseases due to ER stress augmentation. in the study of asmellash et al., the authors employed trans-4,5-dihydroxy-1,2-dithiane (DTTox) to protect the proximal tubular epithelium against a nephrotoxic chemical by stimulating the expression of gRP78 [1] . except for gRP78, the n-termini of transmembrane eR proteins such as inositol-requiring enzyme-1 (iRe1), double-stranded Rna-activated protein kinase-like eR kinase (PeRK), and activating transcription factor-6 (aTF6) are all crucial members involved in the transition of the uPR from pro-survival to pro-apoptosis. in the current study, we selected STF-083010, an inhibitor of XBP1 splicing caused by iRe1, as the treatment modality for eR stress-induced impairments in aRF rats. The compound was first identified by Papandreou et al. in 2016 [17] and it was shown that the agent specifically inhibited the endonuclease activity of iRe1 without affecting its kinase function [13] . The endonuclease activity of iRe1 promotes the removal of a 26-nucleotide intron from the XBP1 mRna and generates XBP1s, the activated form of XBP1. Moreover, STF-083010 has shown its potential to effectively control ER stress-induced disorders [17, 28] . The compound was intraperitoneally injected into kidneys of iR-injured rats and the effect of the administration was assessed by determining the changes in renal function and structure as well as the production of indicators of inflammation and oxidative stress. Moreover, the activities of uPR members and caspase 3 were also detected in the current study. The findings outlined indicated that the administration of STF-083010 was capable of attenuating aRF by suppressing ER stress-induced apoptosis and inflammation.
Materials and Methods

Antibodies and reagents
an antibody against gRP78 (cat. no. D151791) was purchased from Sangon Biotech (Shanghai, China). antibodies against phosphorylated iRe1 (p-iRe1) (cat. no. ab48187) and the spliced form of XBP1 (XBP1s) (cat. no. ab37152) were purchased from abcam (Cambridge, Ma, uSa). antibodies against total iRe1 (t-iRe1) (cat. no. bs-8680R) and β-actin (bsm-33139M) were purchased from Bioss (Beijing, China (Wuhan, China). an eLiSa kit for detection of interleukin 1β (IL-1β) (cat. no. EK301B1/2) was purchased from hangzhou Multi Sciences (hangzhou, China). STF-083010 (cat. no. hY-15845) (purity>98.0%) was purchased from MedChemexpress (Monmouth Junction, nJ, uSa). DMSo (cat. no. D103272-500ml) (purity>99%) was purchased from aladdin (Shanghai, China).
Animals
adult male Sprague Dawley (SD) rats (eight week old, weighing 200-300 g) were obtained from Changsheng Biotechnology inc. (Benxi, China). The rats were housed in cages at room temperature (22 ± 1°C) and a constant humidity (65-75%) with food and water available and a 12:12-h light-dark cycle. all the procedures with animals were conducted in accordance with the animal Care guidelines of the institutional animal ethics Committee of Shandong university.
IR-induced ARF model and administration of STF-083010
Twenty-four SD rats were randomly divided into four groups (six for each group). For rats in the Mock (rats received injection of DMSo, the vehicle for STF-083010) and STF-083010 (rats receiving treatment with STF-083010) groups, 10% DMSO (0.5 ml) or 15 mg/kg STF-083010 were intraperitoneally injected 1 h before model induction based on the study of Zhao et al. [28] . Then rats were then anesthetized with an intraperitoneal injection of 50 mg/kg pentobarbital sodium and placed on an operating bench in the prone position. after a midabdominal laparotomy, the kidneys were exposed, and the renal pedicles were clamped with atraumatic vascular clamps for 40 min. Then the clamps were removed and the injury was sutured for reperfusion for 24 h. upon completion of reperfusion, the rats were anesthetized with 50 mg/kg pentobarbital sodium and blood was collected from eye balls. Then the rats were sacrificed, and renal tissues were collected and preserved at −80°C for subsequent assays (one kidney of a rat was used for histopathology and immunostaining, and the other one was used for biochemical, RT-PCR, and western blotting detections). For rats in the sham group, the operation was performed only without clamping of the renal pedicles. Moreover, the effect of another IRE1 inhibitor, 4µ8C, on attenuation of iR injury-induced renal injuries was also detected, and it is shown in the supplementary data.
Detection of renal function and structure
Renal tissues were collected from rats in different groups and subjected to hematoxylin and eosin (h&e) and TuneL staining. For h&e staining, tissues were placed into Bouin solution (4% formaldehyde) for perfusion fixation, dehydrated using different concentrations of alcohol, and vitrified in dimethylbenzene. Then samples were embedded in paraffin, sectioned, and stained with h&e. The results were detected under a microscope (BX53, olympus, Tokyo, Japan), and the images were captured by a digital microscope camera (DP73, Olympus, Tokyo, Japan) at 400× magnification. TuneL staining was performed using an in Situ Cell Death Detection Kit according to manufacturer's instructions, and the results were detected under 400× magnification. The apoptotic rate was equal to the averaged ratio of the TuneL-positive cell number to the total cell number in five randomly selected fields. The function of the kidney was detected by measuring the levels of Cr and Bun in plasma using detecting kits following the procedures in the manufacturer's instructions.
Detection of oxidative stress
The levels of MDa, gSh, gSh-x, and SoD were determined using detecting kits according to the manufacturers' instructions.
Detection of inflammatory response
The levels of TNF-α and IL-1β were measured using eLiSa kits according to the manufacturers' instructions. The production of MPo was measured using an MPo detection kit (nanjing Jiancheng Bioengineering institute) according to the manufacturer's instructions.
Reverse transcription PCR (RT-PCR)
Total Rna was extracted with an Rnapure highpurity Total Rna Rapid extraction Kit according to the manufacturer's instructions and was subjected to reverse transcription using Super M-MLV Reverse Transcriptase to achieve cDna templates for PCR. The reaction mixture for PCR contained 10 µl Taq PCR Master Mix, 1 µl of each primer (for XBP1s, 5′-TGGGCATCTCAAACCT-GCTT-3′, forward, and 5′-GGAGTGGTCTGTAC-CAAGTGGA-3′, backward; for unspliced XBP1 (XBP1u), 5′-CATGGGCTTGTGATTGAGAA-3′, forward, 5′-TGCAGAGGCGCACGTAGT-3′, backward; for β-actin, 5′-GGAGATTACTGCCCTGGCTCCTAGC-3′, forward, 5′-GGCCGGACTCATCGTACTCCTGCTT-3′, backward), 1 µl cDna template, and 7 µl ddh 2 o. The amplification was performed with the following thermal cycling parameters: a denaturation was performed at 95°C for 5 min followed by 36 cycles of amplification at 95°C for 20 s, 52°C for 20 s, and 72°C for 30 s; the reaction was then stopped at 25°C for 5 min. The PCR products were subjected to agarose gel electrophoresis (WD-9413B, Liuyi Factory, Beijing, China), and the ratio of XBP1s to XBP1u was calculated based on the results of grey values of bands.
Immunochemical detection
The renal tissues were hydrated with different concentrations of alcohol (70% for 2 h, 80% overnight, 90% for 2 h, 100% for 2 h, and 100% for 2h) and fixed with dimethylbenzene for 30 min. after incubation in antigen retrieval buffers for 30 min, the sections were placed in 3% h 2 o 2 for 15 min and washed with PBS for three times. Then the sections were incubated with primary antibodies against ChoP (1:200) and XBP1s (1:200) at 4°C overnight. after three washes with PBS, secondary antibodies (1:200) were added and incubated with sections for 30 min at 37°C. Thereafter, the sections were incubated with hRP-labeled avidin for 30 min at 37°C and reacted with DaB. The sections were restained with hematoxylin and dehydrated. The results were detected by scanning the sections using a microscope (BX53, Olympus, Tokyo, Japan) at 400× magnification.
Western blotting
Tissues were lysed using 1% PMSF, and total cellular protein was collected by centrifugation at 10,000 × g for 10 min. Thirty micrograms of protein from different samples were subjected to 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-Page) at 80 V for 2.5 h. The proteins were transferred onto polyvinylidene difluoride (PVDF) membranes and rinsed with TTBS. Then the membranes were blocked with skimmed milk solution for 1 h and incubated with the primary antibodies against gRP78 (1:500), p-iRe1 (1:1,000), t-iRe1 (1:500), XBP1s (1:1,000), ChoP (1:500), cleaved caspase 3 (1:500), and β-actin (1:5,000) at 4°C overnight. Secondary hRP-conjugated igg antibodies (1:500) were added onto the membranes and incubated for 45 min at 37°C. After a final six washes with TTBS, the blots were developed using the Beyo eCL Plus reagent, and the images were recorded with a gel imaging System. The relative expression levels of proteins were calculated with gel-Pro analyzer (Media Cybernetics, Rockville, MD, uSa).
Statistical analysis
The data were expressed as the mean ± standard deviation (n=6). one-way anoVa and post hoc multiple comparisons using Fisher's Least Significant Difference (LSD) test were performed with a significance level of 0.05 (two-tailed P value). all the statistical analyses and graph manipulations were conducted using graphPad Prism version 6.0 (graphPad Software, inc., San Diego, Ca, uSa).
Results
Administration of STF-083010 ameliorated kidney structure and function in ARF rats
Renal morphology was evaluated with h&e staining, and the results are shown in Fig. 1a . Twenty-four hours after the surgery, severe interstitial edema, cellular infiltration, and tubular cell structure deterioration could be clearly observed in the Model and Mock groups, which represented progressive damages in the kidneys. however, in the STF-083010 group, only mild tubular damage with no tubular necrosis and inflammatory cell infiltration could be observed. The pattern of changes was similar for apoptosis detection with TuneL stain-ing: fewer apoptotic cells (stained brown) were recorded in the STF-083010 group when compared with the Model and Mock groups, and the differences were statistically significant (Fig. 1B) (P<0.001) . a similar renal protecting effect was also observed when the rats were treated with another iRe1 inhibitor, 4µ8C (Supplementary Fig. S1 ), indicating that the effect of STF-083010 was exerted specifically by inhibiting IRE1. The levels of plasma Cr and Bun were elevated in rats subjected to the ligation operation ( Fig. 2 and Supplementary  Table S1 ) compared with the levels of those in the Sham group: the levels of the two indicators were reversed by the pretreatment with STF-083010 ( Fig. 2 and Supplementary Table S1 ). Taken together, it was concluded that the administration of STF-083010 evidently attenuated impairments due to iR injury both in renal structure and function.
Administration of STF-083010 attenuated oxidative stress induced by ARF in kidney tissues
To characterized the effect of STF-083010 on the level of oxidative stress induced by iR injury, the tissue levels of MDA, GSH, GSH-x, and SOD were quantified with specific kits. As shown in Fig. 3 and Supplementary Table S1 , the establishment of the aRF model increased the MDa production in the kidneys, whereas it suppressed the production of antioxidative factors, including gSh, gSh-x, and SoD, which promoted oxidative stress. once the aRF rats were pretreated with STF-083010, the triggered oxidative stress in iR-injured kidneys was dramatically suppressed, represented by the decreased level of MDa and increased levels of gSh, gSh-x, and SoD ( Fig. 3 and Supplementary Table S1 ) (P<0.001).
Administration of STF-083010 attenuated inflammation induced by ARF in kidney tissues
The levels of pro-inflammatory cytokines, TNF-α and IL-1β, were increased in the Model and Mock groups compared with the Sham group (Figs. 4a, B and Supplementary Table S1 ) (P<0.001). administration of STF-083010 attenuated the increase in TNF-α and IL-1β in ARF rats, indicating an anti-inflammatory effect. Similarly, the renal MPo level was higher in the Model and Mock groups when compare with the Sham group, which indicated the infiltration of neutrophils in IR-injured renal tissues (Fig. 4C and Supplementary Table S1) (P<0.001). The administration of STF-083010 abolished the MPo activity induced by iR injury (Fig. 4C and Supplementary Table S1 ).
Administration of STF-083010 suppressed the prolonged UPR induced by ARF in kidney tissues
To validate our hypothesis that STF-083010 exerted its anti-aRF function by suppressing eR stress, the expressions of members involved in uPR initiation were detected. The upregulated expressions of gRP78, piRe1, XBP1s, and ChoP due to induction of aRF were suppressed by the pretreatment with STF-083010 (Fig.  5a ). The ratio of the XBP1s mRna level to the XBP1u mRNA level was first increased by IR injury and then decreased by the administration of STF-083010, which indicated that the endonuclease activity of iRe1 was inhibited by STF-083010 (Fig. 5B) . Moreover, the downstream signaling of the IRE1/XBP1 pathway was proved to be blocked by STF-083010: the expression of cleaved caspase 3 was inhibited in the STF-083010 group when compared with the Model and Mock groups (Fig. 5a) . The suppressing effect of STF-083010 on XBP1 splicing and ChoP expression was further validated by immunochemical staining (Figs. 5C and D) . Taken together, STF-083010 was capable of inhibiting iR injury-induced apoptosis and inflammation in renal tissues by blocking IRE1/XBP1 signaling.
Discussion
STF-083010 was identified to be an effective inhibitor for the endonuclease activity of iRe1 [13] , and its potential to treat disorders related to a prolonged uPR has been validated [13, 14, 17] . in the current study, we employed STF-083010 as an alternative treatment modality against iR injury-induced aRF and found that the agent exhibited a considerably protective effect on renal tissues. Pretreatment with STF-083010 was able to alleviate impairments in renal structure and function, and this was accompanied by the decreased cell apoptosis and production of pro-inflammatory cytokines in ARF rats. As expected, the effect of STF-083010 on the kidneys was associated with the suppressed pro-apoptotic and pro-inflammatory effect of the UPR, represented by downregulated expressions of gRP78, p-iRe1, XBP1s, ChoP, and cleaved caspase 3.
The eR is an important organelle for the synthesis and folding of secreted, membrane-bound, and some organelle-targeted proteins [21] . in some extreme environ- ments, the protein folding capability of the eR will be disturbed, which results in the accumulation of unfolded proteins-a condition termed eR stress. aggregation of unfolded proteins is toxic to cells, and numerous pathophysiological conditions are attributed to eR stress, including ischemia, neurodegenerative diseases, and diabetes [11] . Regarding kidney diseases, eR stress plays multiple pathogenic roles. For example, previous studies have identified an increased ER stress level in podocytes in heymann nephritis [6, 7] : it was found that the complement-mediated podocyte injuries induced the expression of eR chaperones such as gRP78 and gRP94, which represented an adaptive uPR pathway [6, 7] . in the study of inagi et al., mesangial injuries in rats induced the uPR pathway in glomeruli and attenuated protein translation via the PERK/eIF2α pathway [10] . in the current study, the aRF model initiated the uPR by increasing the expressions of gRP78, p-iRe1, and XBP1s and promoted a prolonged uPR transformed from pro-survival to pro-apoptosis and pro-inflammation, which was represented by the upregulated levels of inflammatory cytokines, CHOP, and cleaved caspase 3. The IRE1/XBP1 pathway is a complex cellular response mediating the progression of the uPR. iRe1 is a dual-activity enzyme with a serine-threonine kinase domain and an endoribonuclease domain [4] . once activated during the uPR, the endonuclease activity of iRe1 will promote the removal of a 26-nucleotide intron from the XBP1 mRna and generate XBP1s [25] . During a prolonged uPR, iRe1 can trigger pro-apoptotic pathways by activating downstream molecules such as ChoP [21] . XBP1s is a molecule with multiple targets, and it will not only induce pro-apoptotic signaling sequence by activating P58 iPK that promotes the expression of CHOP [12, 24] but will also promote inflammation by mediating NF-κB activation [22] . Moreover, ER chaperones have also been found to be regulated by XBP1s in a positive feedback loop [21] . CHOP is also defined as growth arrest-and Dna-damage inducible gene 153 (gaDD153) and induces apoptosis under eR stress by regulating BCL2, gaDD34, endoplasmic reticulum oxidoreductin 1 (ERO1α), and Tribbles-related protein 3 (TRB3) [21] . CHOP deficiency will result in reduced cleavage of caspase 3 as well [23] . in the present study, the increased expressions of gRP78, p-iRe1, XBP1s, and ChoP were inhibited by the administration of STF-083010, further inhibiting the apoptosis and inflammation associated with the prolonged uPR. it was inferred that the administration of STF-083010 blocked the splicing of XBP1 by iRe1 and resulted in the suppression of CHOP-related apoptosis and NF-κB-related inflammation, which eventually converged as a aRF attenuating effect.
in conclusion, the current study evaluated the renal protective effect of STF-083010 for the first time. Pretreatment with the agent improved the renal structure and function in aFR rats by blocking eR stress-induced apoptosis and inflammation. Although the study only performed a few assays to reveal the mechanism associated with the treatment effect of STF-083010, it clearly showed that the inhibition of splicing of XBP1 by STF-083010 could serve as a promising therapeutic strategy in aRF treatment. More comprehensive work regarding the mechanism and possible side effects associated with STF-083010 treatment will be performed to facilitate the practical application of the agent in the clinic.
